Tappia, Paramjit S., Mohinder S. Nijjar, Aric Mahay, Nina Aroutiounova, and Naranjan S. Dhalla. Phospholipid profile of developing heart of rats exposed to low-protein diet in pregnancy. Am J Physiol Regul Integr Comp Physiol 289: R1400 -R1406, 2005. First published July 14, 2005; doi:10.1152/ajpregu.00319.2005Although the myocardial phospholipid and fatty acid content have profound effects on the heart function, very little information is available on the effects of restricted maternal protein intake during pregnancy on the phospholipid profile and fatty acid content of the developing heart. The present study was therefore undertaken to examine the effect of pregnant dams fed diets containing either 180 (normal) or 90 (low) g/kg casein diet for 2 wk before mating and throughout pregnancy on myocardial phospholipid and fatty acid content of male offspring. Whereas no changes in phosphatidylcholine and phosphatidylethanolamine were detected, increases in lysophosphatidylcholine, phosphatidylserine, and sphingomyelin were seen in the hearts of offspring in the low-protein (LP) group. Analysis of cardiac fatty acids revealed that although the saturated fatty acid (myristate, palmitate, and stearate) levels were significantly reduced, the unsaturated fatty acid (linoleate, arachidonate, and decosahexanoate) levels were significantly increased in the developing heart in the LP group. Furthermore, assessment of nuclear transcription factors involved in regulation of cardiac metabolism revealed a decrease in myocyte enhancer factor-2C mRNA levels in the LP group, whereas an increase in the mRNA amount of peroxisome proliferator-activated receptor-␣ was observed in this group. These results demonstrate that maternal LP diet can induce changes in the phospholipid profile and fatty acid content of the developing heart, which may have implications for metabolism of the neonatal heart. maternal low-protein diet; fatty acids; energy metabolism THE ENVIRONMENTAL EXPERIENCE of the growing fetus influences the development of specific organs, including the heart (6). We have recently reported that a maternal low-protein (LP) diet induces a severe depression of the contractile function of the neonatal heart (6); however, nothing is known about the mechanisms responsible for this effect. Cardiac phospholipids are known to be organized into functionally differentiated domains (32) and provide both structural integrity and a suitable microenvironment for the normal functioning of membrane proteins (32). Furthermore, polyunsaturated fatty acids (PUFAs), which are important structural and functional components of cell membrane phospholipids, are also required to support normal growth and development and are critical for normal cell function (1, 16, 23, 25, 30) . The metabolic machinery of the heart is designed to allow many different substrates to be used for ATP synthesis (3), which is required for normal cardiac function. The change in substrate preference during normal maturation from glucose (10, 12, (27) (28) (29) 31 ) and lactate to fatty acids (10, 12, (27) (28) (29) 31 ) is the result of transcriptional regulation of glycolytic and mitochondrial proteins and mitochondrial biogenesis, leading to increased capacity for myocardial oxygen consumption.
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Although many aspects of maternal and fetal adaptations during pregnancy have been addressed (14, 41) , it is unclear whether feeding a low-maternal-protein diet during pregnancy adversely affects the phospholipid and fatty acid content in the heart of the fetus that persists in the developing neonatal heart. Therefore, by using a well-established rat model of intrauterine growth retardation (6, 24) , we undertook the present study to examine whether a maternal LP diet during pregnancy induces changes in the profile of the major phospholipid classes and whether this is associated with changes in the fatty acid content of the developing heart of offspring of preweaning age. In addition, to understand the metabolic consequences of such compositional changes, we also investigated the transcriptional machinery that regulates energy metabolism of the neonatal heart, which could provide novel insights into the mechanisms of the adverse effects of maternal undernutrition and cardiac function.
MATERIALS AND METHODS
Experimental animals. All experimental protocols for animal studies were approved by the Animal Care Committee of the University of Manitoba, following the guidelines established by the Canadian Council on Animal Care. Ten virgin female Sprague-Dawley rats (235-270 g) were housed individually in cages, divided into two equal groups, and maintained at 24°C on a 12:12-h light-dark cycle. The rats were fed ad libitum isocaloric synthetic diets containing 180 g (normal) or 90 (low) g/kg casein diet (6, 24) for 2 wk before mating and throughout pregnancy and had free access to water. The compositions of the synthetic diets used in this study are shown in Table 1 . All of the dams in the two groups were successfully mated, and within 12 h of giving birth, the mothers were fed standard laboratory chow and remained on this diet throughout the suckling period. No difference in the maternal behavior between the diets was observed and no stillbirths occurred in the two groups. The litter size was culled to allow a maximum of nine pups across the groups. The body weights of all offspring were recorded at birth, and the biochemical analyses were conducted in 15 randomly selected male offspring (3 pups/dam from the 2 groups). Although the range of birth weights was within Ϯ2% of the mean value, pups were randomly selected for these measurements to avoid any bias and to reflect a representative group of pups within the litters. It should be noted that in an earlier study (6) , investigators in our group reported changes in the cardiac function in male offspring, and although similar observations for female offspring also were observed, cardiomyocyte apoptosis was only conducted in the male offspring. Therefore, in the present study, to provide mechanistic insight into cardiomyocyte apoptosis and cardiac functional changes, the phospholipid profile, as well as gene expression was only determined in male offspring.
Extraction of lipids. Myocardial tissue of rats at 1, 3, 5, 7, and 21 days of age was treated with a mixture of chloroform and methanol (2:1, vol/vol) to extract lipids (13) . The total lipid extract (TLE), as well as a mixture of authentic phospholipid standards, was subjected to two-dimensional thin-layer chromatography (TLC) on silica gel 60-Å K6F TLC plates (Whatman International, Maidstone, UK) (39) . The migration of these phospholipids was identified after a brief exposure of TLC plates to iodine.
Estimation of phospholipids by phosphorus analysis. Silica gel containing individual phospholipid species was scraped into tubes and treated with 5 ml of chloroform-methanol (2:1, vol/vol) mixture overnight at 4°C to elute off the phospholipids from the silica gel (39). The silica gel was then sedimented by centrifugation at 3,000 g, and an aliquot of the supernatant, containing phospholipids, was evaporated to dryness under a stream of nitrogen. Perchloric acid (0.7 ml) was added to each tube and heated at 110°C overnight to digest phospholipids, and phosphorous content was subsequently determined using a spectrophotometric method (33) .
Preparation of fatty methyl esters and gas chromatography. The TLE containing either total lipids or individual phospholipids was evaporated to dryness under a stream of nitrogen. The resulting residue was suspended in 0.1 ml of water and vortexed well. A mixture of methanol and benzene (4:1, vol/vol) was added to each tube and mixed. Acetylchloride (0.2 ml) was added slowly while the sample was mixed continuously. The tube containing the mixture was weighed and then heated at 90 -95°C for 1 h, and mixed well at 15-min intervals, making sure that the Teflon-containing caps were tightly closed to prevent any loss of solvents during incubation. At the end of methylation, tubes were cooled in ice and weighed again. Potassium carbonate solution (6%, wt/vol) was added to neutralize and stop the reaction. Tubes were mixed and centrifuged at 3,000 g for 5 min to separate the benzene phase from the other mixture. The upper benzene phase containing methyl fatty esters was carefully withdrawn and placed into a glass insert in 2-ml vials (26) . The samples were then subjected to gas chromatography on a Varian 3800 (Varian, Palo Alto, CA) with a flame ionization detector. Helium was the carrier gas with a flow rate of 1.5 ml/min. The split ratio was set at 5 initially, which was elevated to 50 at 0.01 min and, finally, 5 at 1 min. The temperature of injection port was 250°C, and the flame ionization detector was set at 270°C. The temperature was ramped from 80 to 225°C, and the total run time was 45 min. The gas chromatograph was calibrated using a standard mixture of fatty acid methyl esters (26) .
RNA isolation and semiquantitative PCR. Total RNA was isolated from cardiac tissue by using the RNA isolation kit (Life Technologies, Ontario, ON, Canada) according to the manufacturer's procedures. Reverse transcription was conducted for 45 min at 48°C by using the SuperScript preamplification system for first-strand cDNA synthesis (Life Technologies) as previously described (2, 9) . Primers used for amplification were synthesized as follows: myocyte enhancer factor (MEF)-2C, 5Ј-TGGATGAGCGTAACAGACAGGT-3Ј (forward) and 5Ј-ACTGGGATGGTAACTGGCATCT-3Ј(reverse); and peroxisome proliferator-activated receptor (PPAR)-␣, 5Ј-AAGACGCTTGTGGC-CAACAT-3Ј (forward) and 5Ј-ATGTCGCAGAATGGCTTCCT-3Ј (reverse). Amplification of cDNAs of MEF-2C and PPAR-␣ genes was performed using specific primers and the SuperScript preamplification system (Life Technologies). Temperatures used for PCR were as follows: denaturation at 94°C for 30 s, annealing at 62°C for 60 s, and extension at 68°C for 120 s, with a final extension for 7 min; 25 amplification cycles for each individual primer set were carried out. For the purpose of normalization of the data, glyceraldehyde-3-phosphate dehydrogenase (GAPDH) primers 5Ј-TGAAGGTCGGT-GTCAACGGATTTGGC-3Ј (forward) and 5Ј-GCATGTCAGATC-CACAACGGATAC-3Ј (reverse) were used to amplify GAPDH gene as a multiplex with the target genes. The PCR products were analyzed by electrophoresis in 2% agarose gels. The intensity of the bands was photographed and quantified using a Molecular Dynamics STORM scanning system (Amersham Biosciences, Baie d'Urfe, PQ, Canada) as the ratio of target gene to GAPDH.
RESULTS

General characteristics of experimental animals.
The energy and food intake of the 18 and 9% casein-fed pregnant rats did not differ significantly, although a 54% reduction in the protein intake of the 9% casein-fed group relative to the 18% casein-fed control was calculated (Table 2) . Pups born to the dams fed the LP diet were significantly lighter ( Table 2) .
Age-dependent changes in cardiac membrane phospholipid levels. In a previous study in our laboratory (6) , it was reported that exposure of the developing heart to an LP diet induces cardiomyocyte loss due to an increase in apoptosis. The phospholipid profile measured in the hearts of offspring may provide mechanistic insight into the cardiomyocyte apoptosis observed in these animals. Although no significant changes in lysophosphatidylcholine (LPC) levels were detected in the developing heart of animals in the control group, the LPC level in the 3-day neonatal heart in the LP group was markedly Composition of diet components is given as g/100 g of diet. The diets were dried for 24 h at 60°C and stored in the dark at Ϫ20°C. The diet was provided to the animals as biscuits (60 -80 g dry wt). The compounds were purchased from Harlan Teklad (Madison, WI) with the exception of methionine, which was purchased from Sigma-Aldrich (Oakville, ON, Canada). elevated and progressively declined to basal levels at 21 days of age (Fig. 1A) . No differences in myocardial content of phosphatidylcholine (PC) (Fig. 1B) and phosphatidylethanolamine (Fig. 1C ) between control and LP diet groups were observed. However, a biphasic change in the sphingomyelin and phosphatidylserine (PS) contents of hearts in the LP group was observed as evidenced by an early accumulation (peak at 3 days of age), declining at 7 days (but remaining significantly higher than the control values), followed by a second peak at 21 days of age (Fig. 1, D and E) .
Fatty acid content of developing heart. Because exposure of the developing heart to a maternal LP diet induced changes in the cardiac phospholipids, the fatty acid content of these hearts was also investigated. Although no significant changes in the myocardial oleic acid (OA; C18:1) content was seen in the developing heart in both control and LP groups, an agedependent decrease in OA level was seen in the heart of offspring in the LP group ( Fig. 2A) , whereas the levels of linoleic acid (LA; C18:2), arachidonic acid (AA; C20:4), and docosahexanoic acid (DHA; C22:6) were significantly elevated (Fig. 2, B-D) . On the other hand, a progressive decrease in the myristic acid (MA; C14:0), palmitic acid (PA; C16:0), and stearic acid (SA; C18:0) levels in the developing heart in the LP group was detected (Fig. 3, A-C) . Interestingly, the decline in saturated fatty acids (MA, PA, and SA) in the LP group was accompanied by a parallel increase in unsaturated fatty acids (LA, AA, and DHA) as evidenced by an increase in the ratio of unsaturated to saturated fatty acid (Fig. 3D) .
PPAR-␣ and MEF-2C mRNA expression levels in developing heart.
To understand whether the changes in the fatty acid content of hearts of offspring exposed to a maternal LP diet may be a consequence of an alteration in cardiac energy metabolism, we examined in the LP-exposed group the mRNA expression levels of two transcription factors known to regulate cardiac energetics. Figure 4 shows that MEF-2C mRNA levels were decreased in the developing heart of the LP group, whereas there was an age-dependent increase in the cardiac PPAR-␣ mRNA levels in the LP group (Fig. 5) .
DISCUSSION
Although cardiac phospholipids are known to be organized into functionally differentiated domains (32) and provide both structural integrity and a suitable microenvironment for the normal functioning of membrane proteins (32), it is unclear whether feeding low maternal protein during pregnancy adversely affects the phospholipid composition in the fetus that persists in the developing neonatal heart. The present study was therefore conducted to examine the effects of maternal LP diet on the phospholipid profile of the heart of offspring of dams fed a LP diet during the gestational period. Investigators in our group (6) have previously reported that there is an increase in cardiomyocyte loss due to apoptosis and an associated early depression of cardiac function in the LP-exposed group. In the present study, levels of sphingomyelin (the precursor to ceramide) and PS, both of which are involved in apoptosis (34, 35, 38) , were markedly elevated in the LP group. Furthermore, LPC, which is considered an apoptotic phospholipid (22) , was significantly increased in this group. The time course of the changes in these molecules is consistent with the early depression of cardiac function (6) and therefore may contribute to increased apoptosis in the hearts of offspring exposed to a maternal LP diet as reported earlier (6) . In fact, a reduction in the number of cardiomyocytes in the hearts of offspring exposed to a maternal LP diet was also recently demonstrated (7) . Although the precise functional consequences of such phospholipid compositional changes need to be defined, the net effect could also alter the activities of membrane proteins by affecting membrane fluidity and phospholipid biosynthesis, as well as phospholipid-mediated signal transduction processes (1, 16, 23, 25, 30) .
PUFAs are required for normal fetal growth and development and are critical for normal cell function (1, 16, 23, 25, 30) . Our studies have revealed that although the control devel- oping heart contains very low amounts of LA, AA, and DHA, the LP developing heart has significantly high amounts of these PUFAs that increase with age. Although no differences were seen in the OA content of the hearts from both the dietary groups, a progressive decrease in OA level in the developing heart in the LP group is suggestive of a metabolic conversion of OA to PUFAs. Indeed, given the developmental profiles of OA and of LA, AA, and DHA, it is likely that OA was desaturated to LA and that, in turn, further desaturation and elongation of LA to produce AA and DHA may have occurred. Such a precursor (OA) and product (LA, AA, and DHA) relationship indicates that a dynamic transition of monounsaturated fatty acids to PUFAs occurs in the hearts of offspring exposed to a maternal LP diet. A possible mechanism to account for these changes is alterations in desaturase activities. In this regard, a reduced protein intake has been associated with increased ⌬6-desaturase activity in nonpregnant adult rats (37) but decreased activities of ⌬9-, ⌬6-and ⌬5-desaturase activities during pregnancy (11) . Similarly, feeding a diet containing 80 g/kg protein to rats during pregnancy and lactation resulted in lower ⌬5-desaturase activity in the offspring at 3 mo of age (36) . Although fatty acid desaturation and elongation have not been determined in the present study, our findings are suggestive of increased desaturase and elongase activities in the hearts of offspring exposed to maternal LP diet in utero. It should be noted that the elevated myocardial levels of AA in the LP group could also be a result of increased phospholipase A 2 activity that catalyzes the hydrolysis of PC at sn-2 position to release AA and produce the corresponding lysophospholipid. This would be consistent with the observed increase in the myocardial LPC levels in the LP group.
Although the focus of the present study was to investigate whether restriction of maternal protein intake during pregnancy in the rat alters membrane phospholipids and fatty acid content in the developing heart, such changes were also related to possible modifications in energy metabolism of the neonatal heart that could provide a mechanism for our group's earlier finding that maternal LP diet induces depression of the contractility of the neonatal heart (6). During fetal life, myocardial ATP is derived predominantly from glycolysis and lactate oxidation (10, 12, (27) (28) (29) 31) . After birth, a rapid maturational increase in fatty acid oxidation occurs along with a decline in glycolytic and lactate oxidative rates, thus changing the major source of myocardial ATP production. Although this shift in energy substrate is due to changes in the circulating substrate and hormonal levels in the newborn's plasma, changes in subcellular regulatory mechanisms of both fatty acid and carbohydrate metabolism in the heart also characterize this response (10, 12, (27) (28) (29) 31) . In the newborn, there is a fall in the blood glucose immediately after birth. Initially, glucose is provided from liver glycogen (4), but later, additional glucose is produced by gluconeogenesis supported, in part, by energy provided through fatty acid ␤-oxidation (19) . Growth-restricted offspring have reduced stores of glycogen and fat, as well as a delayed maturation of the gluconeogenic pathways (20, 21) . To understand some of the mechanisms that could be involved in a change in cardiac energetics, the mRNA levels of MEF-2C, which regulates the genes encoding glucose supply and utilization, and PPAR-␣, which is important in the transcriptional regulation of genes encoding multiple enzymes for fatty acid oxidation (8), were measured. Our observation of decreased MEF-2C mRNA in the LP group would imply a reduced capacity for glucose utilization. However, PPAR-␣ mRNA levels were increased in the LP group, suggesting that fatty acid ␤-oxidation may be increased in this group. In fact, whereas the unsaturated fatty acid content was significantly elevated in the hearts of the LP group, the saturated fatty acids (MA, PA, and SA) were significantly decreased in the developing LP-exposed heart. Although this could represent an increase in the metabolism of saturated fatty acids to unsaturated fatty acids, an increase in fatty acid ␤-oxidation of saturated fatty acids could also exist. In this regard, other investigators (15) have reported that maternal protein restriction (8% protein vs. 20% of control) does not affect carnitine palmitoyl transferase activity in hearts of 4-day-old neonatal offspring, suggesting that cardiac ATP supply through fatty acid oxidation is not compromised. In fact, our experiments suggest an early maturation of the fatty acid ␤-oxidation system and a very rapid compromise in the capacity for glucose oxidation in hearts of the LP group. Apolipoprotein B100 synthesis has been reported to be downregulated by reduced protein consumption in normal healthy humans (17) , implying impaired very low-density lipoprotein (VLDL) secretion. Although an 80% restriction in dietary protein in adult rats has been reported to decrease plasma triacylglycerol and also to impair VLDL levels (40) , lipoprotein levels in pregnant dams fed the same LP diet used in our study were not compromised (5) . This suggests that reduced myocardial saturated fatty acid level, observed in the present study, may not be due to a deficiency in the fatty acid supply but may reflect a metabolic shift in an attempt to meet the energy demands of the developing heart. However, caution must be exercised in the interpretation of these data, because a direct assessment of metabolism was not conducted. Furthermore, measurement of MEF-2C and PPAR-␣ mRNA content is an indirect method of determining glucose and fatty acid oxidation, because the mRNA data are based on semiquantitative measurements rather than quantitative mRNA levels.
Interestingly, growth-restricted offspring that experience a catch-up growth, due to accelerated shortening of chromosomal telomeres as a result of increased cell division, could have increased cell senescence in critical organs (18) , including the heart. On the basis of our findings, the changes in the fatty acid profile and PPAR-␣ may be related to an early aging effect in the heart. In summary, maternal protein intake during pregnancy alters the phospholipid profile and fatty acid content of hearts of offspring exposed to LP diet in utero. Interestingly, other investigators using the same rat model as ours have shown changes only in the monounsaturated fatty acid content of PC in the heart of pups after weaning age (28 days) (5), indicating that the severity of the membrane compositional changes may be attenuated in free-living offspring. Nonetheless, our findings suggest that poor maternal diet during pregnancy may induce changes in the developmental/functional components of the developing heart, including environmental (both phospholipids and fatty acid contents) changes of membrane proteins known to influence cardiac function and metabolic alterations. Although the early depression of cardiac contractility in offspring exposed to a maternal LP diet (6) appears to not be related to energy production but, more likely, to apoptosis, the adaptive nature of the changes reported in the present study may manifest as cardiac abnormalities in later life (6) ; however, the precise mechanisms by which this occurs remain to be determined.
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